Background {#Sec1}
==========

Patients with locally advanced pancreatic cancer (LAPC) are generally no longer candidates for curative surgeries and chemoradiotherapy is the standard therapeutic option \[[@CR1]\]. Stereotactic body radiation therapy, with its advantages of lower incidences of radiation-induced toxicity, higher accuracy and better efficacy compared with conventional radiotherapy, has gained momentum in the management of advanced-stage pancreatic malignancies \[[@CR2]\]. S-1, as an important chemotherapeutic agent in pancreatic cancer, which has been proved with equal survival benefits comparing to the standard gemcitabine with no higher incidences of the adverse effects \[[@CR2]\]. Currently, few encouraging results investigating the safety and efficacy of combination therapy of S-1 and the other medications have been published. Thus, the combination of S-1 and radiotherapy has also gained popularity in the treatment of pancreatic cancer.

Random diffusion of water molecules (i.e. the Brownian motions) could be illustrated by diffusion weighted imaging (DWI), an approach of functional imaging, to generate contrast in magnet resonance images. DWI is important in depicting tumor tissues in vivo and non-invasively. The mobility of water could be determined in a quantitative way by apparent diffusion coefficient (ADC). Besides, the modifications of water diffusion induced by any factors could also by detected by ADC. In addition to existing clinical and pathologic prognostic factors, ADC can serve as a useful imaging biomarker through better characterization of individual tumor biology. Therefore, this study aims to investigate the value of pre-treatment DWI-MRI in predicting OS in patients with LAPC undergoing Cyberknife followed by sequential S-1.

Methods {#Sec2}
=======

Patients {#Sec3}
--------

This prospective study was approved by the Changhai Hospital Ethics Committee (CHEC-2016-032-01). Written informed consent was obtained from all participants prior to MRI imaging examinations. Histopathological diagnosis with fine-needle aspiration guided by endoscopic ultrasound was preferred for all patients suspected of pancreatic cancer. The planned period of follow-up for each patient was 2 years. All included patients should meet the following criteria: 1) Patients with pancreatic cancer and no distant metastasis prior to MRI scan; 2) patients without MRI contraindications, including claustrophobia, implanted metal foreign body and certain type of cardiac pacemaker; 3) patients with no known allergy to gadolinium-based contrast agent; 4) patients without any anticancer treatment prior to Cyberknife. Therefore, consecutive 41 UICC-T4 patients (28 males and 13 females) with a median age of 64 years (range: 44--80 years) received Cyberknife followed by two to three courses of sequential S-1 in our center during 2015 to 2017.

MRI {#Sec4}
---

Prior to radiotherapy, MRI scan was performed on a 3.0-Tesla MR scanner (Signa HDxt V16.0, GE Healthcare, Milwaukee, USA) with an eight-element phased array coil and transverse respiratory triggered technique. Table [1](#Tab1){ref-type="table"} showed the main MRI parameters and the order of scanning sequences. At the end of the study, T1-weighted imaging gradientrecalledecho (T1WI GRE) was performed with a gadopentetate dimeglumine injection (contrast media, 0.2 ml/kg, a rate of 3 mL/s; physiological saline, the same amount and injection rate).Table 1Scanning parameters of MR sequencesSequencesTR/TE (msec)FOV (cm **×** cm)MatrixThickness/gap (mm)Flip angle(^0^)No of SlicesNEX^a^Bandwidth (KHz)Speed factorMRCP7000/120030 **×** 30288 **×** 28850/0--60.9231.25--T1WI GRE4.3/1.344 **×** 40320 × 2245 mm volume12--1166.671.79T2WI6316/7238 **×** 38330 **×** 1925/19022283.331.25DWI6000/56.538 **×** 3096 **×** 1285/190251/4^a^2502Contrast-enhanced T1WI GRE4.3/1.344 **×** 40320 × 2245 mm volume12--1166.671.79^a^NEX = 1 for DWI at b~0~, NEX = 4 for DWI at b~600~*MRCP* Magnetic resonance cholangiopancreatography, *T2WI T2* Weighted imaging*T1WI GRE T1* Weighted imaging gradientrecalledecho, *DWI* Diffusing weighted imaging

Stereotactic body radiation therapy procedures and chemotherapy regimens {#Sec5}
------------------------------------------------------------------------

Stereotactic body radiation therapy was delivered by Cyberknife (Accuracy, Sunnyvale, CA, USA). Patients were immobilized in the supine position with a vacuum bag. Spiral computed tomography (CT) was performed with a slice thickness of 1.5 mm. Gross tumor volume (GTV) was delineated as a radiographically evident gross disease by contrast CT. At the discretion of the physician, clinical target volume (CTV) encompassing areas of the potential subclinical disease spread was also designated. In most cases, the CTV equaled to GTV. A 2-5 mm expansion margin was included to determine the planning target volume (PTV). The prescription dose varied from 30--36Gy in five to six fractions. Normal tissue constraints were observed according to the American Association of Physicists in Medicine guidelines in TG-101 \[[@CR3]\], as presented in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}. The prescription dose was devised to be the isodose line encompassing \> 97% of the planning target volume (PTV). No more than 3% of the PTV received \< 93% of the prescription dose. The X sight Spine Tracking System and fiducials were used in a 4 Dimension-CT treatment simulation.Table 2Parallel organs and threshold dosesParallel organsThreshold doses (five fractions)Minimum critical volume below threshold Liver21 Gy700 cm^3^ Kidney17.5 Gy200 cm^3^Table 3Serial organs and threshold dosesSerial organsThreshold doses (five fractions)Max point doseMax critical volume above threshold Spinal cord23 Gy30 Gy0.35 cm^3^ Duodenum18 Gy32 Gy5 cm^3^ Bowel19.5 Gy35 Gy5 cm^3^ Stomach18 Gy32 Gy10 cm^3^ Esophagus19.5 Gy35 Gy5 cm^3^ Colon25 Gy38 Gy20 cm^3^

S-1 is the prodrug of 5-fluorouracil (5-FU), which comprises of tegafur, gimeracil (dihydropyrimidine dehydrogenase inhibitor) and oteracil (inhibitor of phosphorylation in the gastrointestinal tract), with a ratio of 1:0.4:1. It has been demonstrated to be effective in the management of pancreatic cancer \[[@CR4]\]. After radiotherapy, 2 or 3 cycles of S-1 were sequentially given. One cycle consisted of 28 days of oral S-1 at a dose of 80 mg/m^2^ for twice a day. Cycles were separated by a 14-day interval.

Radiologic parameters {#Sec6}
---------------------

DWI-data was post-processed on a workstation (Function V9.4.05, GE AW 4.4, GE Healthcare). The ADC was calculated at the single slice with the longest tumor diameter using the following algorithm: ADC = 1/b In (S~0~/S), where b referred to the b-factor (600 s/mm^2^), S~0~ represented the signal intensity for b = 0 s/mm^2^ image and S as the signal intensity at b = 600 s/mm^2^ image. ADC represented the measured mean ADC, using two b -values (0, 600 s/mm^2^).

Radiologic analysis {#Sec7}
-------------------

Region of interest (ROI) indicated the largest possible single-slice area at the level of the maximum diameter of the tumor \[[@CR5]\].Based on T2-weighted imaging(T2WI) with exclusion of pancreatic ducts, cystic lesions and necrotic areas, the ROI parameter was simultaneously calculated on the ADC map using a workstation by a standard software package (Function V9.4.05, GE AW 4.4, GE Healthcare). The borders of the tumor on DWI image were determined after the radiologists had reviewed pre-treatment T2WI and T1WI images. The areas of ROI ranged from 101mm^2^ to 2970 mm^2^.

Statistical analysis {#Sec8}
--------------------

OS was evaluated from the initial date of radiotherapy to the death of patients. All variables were expressed as mean ± standard deviation (SD). Intraclass correlation (ICC, value and strength of correlation: 0--0.20: poor correlation; 0.21--0.40: fair correlation; 0.41--0.60: moderate correlation; 0.61--0.80: good correlation; 0.81--1.00: excellent correlation) \[[@CR6]\] was estimated to evaluate the consistency of ADCs between two investigators. When the level of consistency was acceptable, the result rated by the first radiologist doctor was adopted. Log-rank test was conducted to evaluate the association of patient survival and tumour location, S-1, presence or absence of biliary stent, and other treatment. Cox regression was employed to identify potential factors predictive of OS.*P* \< 0.05 indicated a statistical significant level. All statistical analyses were conducted by SAS 9.4 software (SAS Institute Inc., Cary, NC, USA).

Results {#Sec9}
=======

Patients' characteristics {#Sec10}
-------------------------

Among 41 enrolled patients, 34 had pancreatic head carcinoma with 7 lesions located in the body and tail of the pancreas. The median tumor diameter was 3.7 cm (range: 1.6--8.2 cm). 16 patients had biliary stent implanted, and S-1 was given to 32 patients. 11 patients received other treatment after metastasis, of who 2 had transcatheter arterial chemoembolization (TACE), 3 took herbal antineoplastic agents (traditional Chinese medicine), 2 underwent ablation therapy, 3 received gemcitabine and ^125^I seed was implanted in 1 patient. These 11 patients were not further categorized according to the treatment they had due to a small sample. Five patients were totally lost of follow-up without any medical records after treatment.

Interobserver variability of ADC values {#Sec11}
---------------------------------------

The typical axial MRI images and ADC map for ADC measurement were demonstrated in Fig. [1](#Fig1){ref-type="fig"}. ICC showed good consistency between both investigators. For the ADC values, the mean difference and the 95% confidence interval of the mean difference (limits of agreement) between two readers were 0.00293 \[95%CI: -0.01202, 0.01787\] (ICC, 0.987).Fig. 1A 41-year-old female patient with histological proven pancreatic adenocarcinoma in the head of the pancreas. The images showed the lesion with clearly demarcated hyperintensity area compared with the surrounding normal tissues on DWI images. Axial contrast-enhanced MRI image depicted a hypointense lesion in the head of the pancreas (**a**); Axial T2WI (**b**); freehand ROIs were drawn along the high signal intensity border of the tumor with obtained DWI images (b = 600 s/mm^2^, (**c**) to cover the largest possible single-slice area. ADC (DWI) map (**d**)

Independent predictors of OS {#Sec12}
----------------------------

The median OS was 11.7 months and the 1-year OS rate was 46% (95% CI: 30%--62%). Log-rank test analysis showed that there was no significant correlation between OS and tumour location, presence or absence of biliary stent as well as other treatment. However, the initiation of S-1 correlated with OS. Orally taken S-1 provided better prognosis (*P* = 0.018, Fig. [2](#Fig2){ref-type="fig"}). Furthermore, though OS did not correlate with tumor location and other treatment, patients with other treatment had a tendency towards prolonged OS compared with those who did not (*P* = 0.230, Fig. [3](#Fig3){ref-type="fig"}). Patients with tumor in the body and tail of the pancreas tended to have a better OS, compared with those with lesions in the head of the pancreas (*P* = 0.261 Fig. [4](#Fig4){ref-type="fig"}). Multivariate analysis showed that pre-treatment ADC value (HR 10.652, *P* = 0.0093), age (HR 0.952, *P* = 0.015), pre-treatment CA19--9 (HR 1.001, *P* = 0.0022) and S-1 regimen (HR 0.128, *P* = 0.0002) were predictive of OS. In other words, a lower pre-treatment ADC value, an older age, a lower level of pre-treatment CA19--9 and initiation of S-1 were all associated with a better survival (Table [4](#Tab4){ref-type="table"}**,** Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}).Fig. 2The survival curves showed significant difference between S-1 and no S-1 taken (*P* = 0.018)Fig. 3The survival curves showed patients with other treatment had a tendency towards prolonged OS, compared to those who did not (*P* = 0.230)Fig. 4Patients with tumor in the body and tail of the pancreas tended to have a better OS, compared to those with tumor in the head of the pancreas (*P* = 0.261)Table 4Cox regression result for ADC (DWI)Variables*βχ* ^2^*P*HR%95 CILowUpAge−0.04935.91340.01500.9520.9150.990S-1−2.059413.99140.00020.1280.0430.375ADC2.36576.75950.009310.6521.79063.378CA 19--90.00129.36110.00221.0011.0001.002Fig. 5MRI images of histological proven pancreatic cancer in 73-year-old male patient without oral S-1 chemotherapy. The ADC value of the lesion was 2.06 × 10^− 3^ mm^2^/s and the pre-treatment CA19--9 level was 1200 U/ml. The OS was 185 days. Axial precontrast T1WI (**a**); Axial T2WI (**b**); Axial contrast-enhanced T1WI (**c**); DWI image (b = 600 s/mm^2^, (**d**));freehand ROIs were drawn along the high signal intensity border of the tumor with obtained DWI images (600 s/mm^2^, (**e**)) to cover the largest possible single-slice area. Zoomed-in ADC (DWI) map with a high ADC (**f**)Fig. 6MRI images of histological proven pancreatic cancer in 56-year-old female patient with a lower ADC (1.08 × 10^− 3^ mm^2^/s), orally taken S-1 and a lower pre-treatment CA19--9 level (339.9 U/ml). The OS was 522 days. Axial precontrast T1WI (**a**); Axial T2WI (**b**); Axial contrast-enhanced T1WI (**c**); DWI image (b = 600 s/mm^2^, (**d**)); freehand ROIs were drawn along the high signal intensity border of the tumor with obtained DWI images (b = 600 s/mm^2^, (**e**)) to cover the largest possible single-slice area. Zoomed-in ADC (DWI) map with a lower ADC (**f**)

Discussion {#Sec13}
==========

DWI is an important approach of functional imaging and has been widely used in clinical radiology. ADC, by measuring the Brownian motion of water molecules in tumor tissues, is a promising quantitative biomarker in the field of oncologic radiology \[[@CR7]--[@CR9]\]. To our knowledge, DWI has been used to predict and monitor the outcomes of many types of tumors, such as rectal, brain and cervical cancer \[[@CR10]--[@CR13]\].These pre-treatment predictions allow clinicians to optimize treatment strategies for individual patients and avoid unnecessary costs, side effects and treatment delays. However, few studies have investigated the use of pre-treatment DWI in predicting the survival of patients with LAPC receiving Cyberknife and sequential S-1 therapy.

As is known to all, characterized by excessive cell proliferation and resistance to cell death, malignant cancers can often present with increased cellularity. The increased cell density may break the normal balance between the intra- and extracellular compartments within tissues, reducing extracellular volumes, and eventually resulting in alterations in the water movement, which would be well reflected in diffusion measurements \[[@CR14]\]. Pancreatic cancer usually consists of a large number of tumor parenchymal cells and fibrous tissues derived from the pancreatic stellate cells. Consequently, the ADC value of pancreatic cancer is lower than that of normal pancreatic tissues. Previous studies have reported a negative correlation between tumor cellularity and ADC values in pancreatic malignancies \[[@CR15], [@CR16]\], which was probably due to restricted diffusion of water molecules resulting from increased cellularity. However, the negative association between ADC values and cellularity of PDAC warrants further study, primarily because the normal pancreas tissues are found to be composed of abundant serous acinar cells \[[@CR17]--[@CR19]\], and the fact that the ADC of normal pancreatic tissues is higher than that of PDAC should be considered. Thus, cellularity difference cannot be solely attributable to the ADC differences between PDAC and the surrounding normal pancreatic tissues and between different lesions \[[@CR15]\]. Additionally, difference in water diffusivity between tissues should also be ascribed to other mechanisms. The correlation between ADC and tumor fibrosis is controversial. Klauss et al. reported increased values of the parameter D, the true diffusion component of tissue, in denser fibrous tissues \[[@CR20]\]. Others reported no correlations between ADC values and the degree of tumor fibrosis \[[@CR21], [@CR22]\]. Muraoka et al. found that the mean ADC value was significantly higher in tumors with loose fibrotic tissues than that with dense fibrotic tissues, and ADC value correlated well with the proportion of collagenous fibers \[[@CR23]\]. Ma et al. found that the ADC value of PDAC negatively correlated with the proportion of fibrotic contents and fibroblast activation protein staining scores \[[@CR24]\]. In addition, poor vascularity of PDAC was attributed to the activation of abundant fibrotic stroma in the tumor microenvironment, resulting attenuation of microvessel density compared to the normal pancreatic tissues \[[@CR25]\]. In other words, the ADC level of pancreatic malignancies is affected by various factors: cellularity, the extent of fibrosis and vascularity and etc.

In the present study, we found that a lower pre-treatment ADC value was significantly associated with better OS, which was consistent with previous similar studies on liver and kidney malignancies \[[@CR11], [@CR26]--[@CR28]\]. However, this should be interpreted with cautions because various factors would affect the value of ADC: Firstly, highly proliferating tumor cells resulted in increased cellularity, which implied a lower level of ADC. Those proliferating tumor cells are sensitive to radiotherapy and chemotherapy \[[@CR29], [@CR30]\].Secondly, loss of cell membrane integrity of the malignant tissue indicating a more aggressive phenotype prior to treatment could result in higher pre-treatment ADC and a worse OS \[[@CR26]\].Thirdly, lesions with higher ADC levels may contain more dense fibrotic tissues, leading to a poor prognosis \[[@CR20]\]. Additionally, abundantly dense fibrotic tissues in tumor contributed to poor vascularity \[[@CR27]\], resulting in less delivery of chemotherapeutic agents to these areas. Finally, lesions with higher ADC can contain necrotic pooling which may predispose the tumor cells to a more hypoxic and acidic environment, which may diminish the effectiveness of chemotherapy.

S-1 has emerged as an important chemotherapeutic drug in pancreatic cancer recently. Many studies have demonstrated that S-1, with its favorable oral administration, was not inferior to gemcitabine in terms of OS, PFS, and rates of adverse effects \[[@CR31]\]. Therefore, S-1 can serve as an alternative to gemcitabine for locally advanced or metastatic pancreatic cancer. In addition, neoadjuvant chemoradiotherapy with S-1 could probably be in favor of down-staging and decreased incidences of surgical complications \[[@CR32], [@CR33]\]. It also indicated that neoadjuvant chemoradiotherapy with S-1 was beneficial to potential candidates for further radical surgeries due to the increased OS \[[@CR33]\]. In our study, we found that S-1 were significantly associated with prolonged OS in patients with LAPC, which showed the good clinical efficacy of S-1. Patients with lower levels of pre-treatment CA19--9 had longer OS, which was consistent with previous studies \[[@CR34], [@CR35]\] . In addition, better prognosis was found in older patients than that in younger ones. We also found that tumor in the body and tail of the pancreas and those with other treatment had a better OS, which could be attributed to the fact that prescription doses for the tumor in the head of the pancreas might be compromised due to adjacent organs compared with those for the tumor in the body and tail of the pancreas and that pancreatic head tumours are more likely to have the involvement of important adjacent organs and effect of interventional procedures and chemotherapy. It was also showed that there was no significant association found between OS and gender, tumor diameter, as well as presence or absence of biliary stents.

The optimal recommended respiratory triggered approach \[[@CR36]\] was used in our abdominal MR imaging to avoid the influence of breathing motion artifacts in ADC measurement, affected by identifying ROI, b-values, field strength, data post-processing models, and respiratory compensation acquisition and etc. Furthermore, DWI MR imaging provides information on perfusion and diffusion simultaneously in any organs. It has been clarified that the choice of b value played an important role in which of these contributions \[[@CR37], [@CR38]\], at the same time, to achieve a balance between motion artifacts and the signal-to-noise ratio (SNR), the optimal b-value (600 s/mm^2^) for abdominal lesions was used \[[@CR39]\].

Nevertheless, there were some limitations in the current study. Firstly, the eligible patient number is relatively small regarding the statistical significance identified between the OS of the patients and predictors such as tumor location and other treatment. Future studies with larger sample size is warranted for the validation of our preliminary results. Secondly, we investigated the tumor mean ADC out of many quantitative imaging parameters such as min ADC and SUV, since they had been used as representative parameters to predict clinical outcomes for various cancers.

Conclusion {#Sec14}
==========

In summary, the pre-treatment ADC value was a significant predictor of OS in patients with LAPC treated with Cyberknife followed by sequential S-1.
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